Although the symptoms of magnesium deficiency are well documented in plants, the primary physiological effects of low Mg availability remain largely unknown. This paper describes the physiological responses of Mg starvation in Arabidopsis thaliana. Growth characteristics, Mg and sugar concentration, and photochemical performance were measured at regular intervals during the induction of Mg deficiency. These data show that Mg deficiency increased the sugar concentration and altered sucrose export from young source leaves before any noticeable effect on photosynthetic activity was seen. The decline in photosynthetic activity might be elicited by increased leaf sugar concentrations. Transcript levels of Cab2 (encoding a chlorophyll a/b protein) were lower in Mg-deficient plants before any obvious decrease in the chlorophyll concentration. These transcriptional data suggest that the reduction of chlorophyll is a response to sugar levels, rather than a lack of Mg atoms for chelating chlorophyll.
Introduction
It has long been known that magnesium availability to plants imposes limits on photosynthesis (Evans and Sorger, 1966; Mengel and Kirkby, 1987; Marschner, 1995) . Mg is essential for chloroplasts, being the central element in chlorophyll (Beale, 1999) . It participates in thylakoid membrane organization and grana stacking (Guller and Krucka, 1993; Lu et al., 1995; Kaftan et al., 2002) , acts as a cofactor and allosteric activator of enzymes involved in CO 2 fixation (Marschner, 1995) , and is involved in energy transfer via adenosine triphosphate Kleczkowski, 2001, 2003) and pH control (Wu et al., 1991) . Accordingly, a number of studies have decribed the effect of Mg deficiency on photochemical reactions or CO 2 fixation (Terry and Ulrich, 1974; Cao and Tibbits, 1992; Sun and Payn, 1999; Laing et al., 2000; Sun et al., 2001) . However, some limitations may arise from these experimental strategies because it is likely that Mg deficiency affects metabolic processes other than photosynthesis at an earlier stage. Recent studies in Beta vulgaris (Hermans et al., 2004 (Hermans et al., , 2005 and in Vicia faba (Hariadi and Shabala, 2004a, b) showed that neither chlorophyll concentration nor plant biomass were effective for diagnosis of Mg deficiency in the early stages. In fact, Mg analysis remains the most accurate tool to diagnose Mg deficiency (Hariadi and Shabala, 2004a) . Nonetheless, sucrose accumulation in source leaves is found to be an early symptom of Mg deficiency (Fischer and Bremer, 1993; Cakmak et al., 1994a, b; Mehne-Jakobs, 1995; Fischer et al., 1998; Hermans et al., 2004 Hermans et al., , 2005 and occurs before any noticeable effect on photosynthetic activity (Cakmak et al., 1994b; Hermans et al., 2004) .
Arabidopsis thaliana was used as a case study to characterize the development of Mg deficiency symptoms and early physiological responses. Growth characteristics, Mg and sugar concentrations, as well as photochemical performance were measured at regular interval during the induction of Mg deficiency. Mg deficiency increased sugar concentration and apparently altered sucrose export from young source leaves before any effect on photosynthetic activity. The accumulation of sugars in leaves may result in the down-regulation of photosynthetic genes and, consequently, account for the decline in chlorophyll concentration and photosynthetic activity. In addition, this work provides the first physiological data in Arabidopsis that can form a basis for further genetic analysis, as, to our knowledge, none of the recent transcriptomic analysis for essential nutrient metabolism in that species has so far been related to magnesium.
Materials and methods
Plant material and culture Seeds of Arabidopis thaliana (L.) Heynh Columbia and C24 ecotypes were germinated in peat-based compost. Upon transfer to hydroponics systems, roots of the plantlets were rinsed in distilled water and immediately placed on polystyrene tiles covering the containers (capacity of 4.0 l) filled with mineral solution (see Fig. 1A and B for the experimental design). C24 ecotype plantlets were grown in soil for 2 weeks and in nutrient solution for three more weeks in a day regime of 12 h light (100 lE m ÿ2 s
ÿ1
)/12 h darkness, before the beginning of the treatment (Fig. 1A) . Columbia ecotype plantlets were grown in soil for 2 weeks and in nutrient solution for 1 week in 12 h light (150 lE m ÿ2 s ÿ1 )/12 h darkness (Fig. 1E) , or for 1 month in a short-day regime of 8 h light (150 lE m ÿ2 s ÿ1 )/16 h dark (Fig. 1B) . The concentrations of macronutrients in mM were 1.0 Ca(NO 3 ) 2 , 1.0 MgSO 4 , 0.88 K 2 SO 4 , and 0.25 KH 2 PO 4 , and the concentrations of micronutrients in lM were 20 FeEDTA, 10 NaCl, 10 H 3 BO 3 , 1.0 ZnSO 4 , 1.0 MnSO 4 , 0.10 CuSO 4 , and 0.01 (NH 4 ) 6 Mo 7 O 24 . The pH of the solution was adjusted to 5.860.1 with 1 M KOH. At the beginning of the treatment, half of the plants were fed with a Mg-free nutrient solution, which was the same as above, except that 1.0 mM MgSO 4 was replaced by 1.0 mM Na 2 SO 4 , in order to maintain a constant anion/cation balance and to avoid sulphur deficiency. Nutrient solutions were replaced every 4 d. The growth conditions in the culture room were: temperature of 2262 8C and relative humidity of 6565%.
Chemical analysis 0.50 g dried crushed material powder was ashed in a muffle furnace at 450 8C. Ashes were digested with 7 N nitric acid and the filtrate assayed for Mg by atomic absorption spectrometry, at the 285.2 nm wavelength (Perkin Elmer AAS 3110).
Photosynthesis measurements
The behaviour of photosystem II was assessed using Chl a fast fluorescence kinetics (direct induction with 660 nm exposure), recorded with the Plant Efficiency Analyser fluorometer (Hansatech )/12 h darkness was imposed.
Hermans and Verbruggen
November 2009 at UNESP-Universidade Estadual Paulista JÃºlio de Mesquita Filho on 7 http://jxb.oxfordjournals.org Downloaded from Instruments, UK). The OJIP transients (fluorescence levels F o (50 ls), F 300ls , F J (2 ms), F I (30 ms), and F M (tF MAX )) (Strasser et al., 1995) were analysed according to the JIP-test procedure, as previously described by Hermans et al. (2003) .
Carbohydrate analysis
The frozen tissues were ground in a mortar and extracted three times with ethanol (80% v/v) at 85 8C. Extraction was assumed to be complete because a fourth ethanol extraction of the starch pellet did not contain detectable amounts of glucose. Soluble sugars were determined using a spectrophotometric enzymatic assay (Lambda 14 spectrophotometer, Perkin Elmer), through the NAD + reduction at 340 nm, following a procedure slightly modified from Sokolov et al. (1998) . For starch determination, the pellet was autoclaved and digested with amylase and amyloglucosidase. The glucose released before and after digestion was measured with the same spectrophotometric assay. All enzymes used in this assay were purchased from Roche Diagnostics (Germany).
Iodine staining
Starch was visualized by iodine staining. Leaves bleached in boiling ethanol (80% v/v), were stained with a Lugol solution (2 mM I 2 , 6 mM KI) and briefly destained with distilled water.
RNA isolation and northern-blot analysis
Total RNAs were isolated as described in Ausubel et al. (1998) . Total RNA was size-fractioned by electrophoresis in a MOPSformaldehyde-1% agarose gel and blotted onto Hybond-N nylon membranes (Amersham Pharmacia Biotech, UK). A 0.24-9.5 kb RNA Ladder (Invitrogen Life Technologies) was used to determine the size of transcripts. Hybridizations were done with DNA probes labelled with 32 P-dCTP, using the Mega prime labelling system (Amersham Pharmacia Biotech).
The membranes were probed with a PCR fragment (between nucleotides 17 and 165) of the Arabidopsis chlorophyll a/b binding protein gene 2 (Cab2, Leutwiler et al., 1986) . Equal loading of membranes was assessed by hybridization with 18S rRNA from Arabidopsis thaliana.
Hybridizations were carried out at 65 8C in a buffer containing 53 SSC (13 SSC is 150 mM NaCl and 15 mM sodium citrate, pH 7.0) and 100 lg ml ÿ1 denatured salmon sperm. After 16 h hybridization, the blots were washed twice for 20 min at 55 8C in 23 SSC/ 0.1% SDS and once for 20 min in 0.23 SSC/0.1% SDS. Hybridization signals were quantified with the phosphor imager Storm 860 (Molecular Dynamics).
[C]-sucrose uptake
The upper epidermis of the leaf was abraded with carborundum (0.060 mm). [U-
14 C]-sucrose (9.25 kBq per leaf) was applied as liquid droplets (10 ll) containing 10 mM sucrose and 20 mM MES buffer (pH=5.5). [U-
14 C]-sucrose was purchased from Amersham Pharmacia Biotech. Small portions of tissues were bleached as described in Grusak et al. (1990) , and their radioactivity was counted by liquid scintillation spectroscopy (Tri-carB 1900TR Liquid Scintillation Analyser, Packard Instruments).
Results and discussion
Effect of Mg deficiency on growth, biomass partitioning, and mineral concentration
The impact of Mg deficiency was studied in Arabidopsis plants grown hydroponically (Fig. 1A) . Slight interveinal chlorosis appeared on the uppermost fully expanded leaves of the rosettes 15 d after the removal of Mg from the nutrient solution, and intensified into necrotic spots. By day 16 of treatment, the individual fresh biomass of Mg-deficient plants had decreased by more than one-tenth compared with control plants (Figs 1C, 2A) . At day 20 (Fig. 1D) , corresponding to the end of the treatment, the fresh biomass of the shoot and the root were reduced by one-third and one-tenth, respectively ( Fig. 2A) , resulting in a decrease of the shootto-root fresh biomass ratio of more than one-fifth, relative to the control. Through all the Mg-deficiency treatments (up to 3 weeks) carried out on Arabidopsis, the root biomass never markedly decreased (Fig. 1C) . These observations are consistent with previous reports on sugar beet (Hermans et al., 2004 (Hermans et al., , 2005 , but differ from other studies in which a prominent decrease of the root biomass relative to the shoot has been seen, as in bean plantlets (Fischer and Bremer, 1993; Cakmak et al., 1994a) or spinach plants (Fischer et al., 1998) . Direct comparisons are difficult to make because studies were performed with different plant species at different growth stages. However, the bean plants studied by Cakmak et al. (1994a, b) , had a much lower number of source leaves when deficiency was induced, compared with these experiments. Therefore, Mg limitation might have affected leaf expansion of all leaves and shoot biomass, which could have readily restricted assimilate flux to the root as well.
The Mg concentration in roots and shoots decreased after 4 d of treatment and the decrease was more abrupt in roots (Fig. 2B, C) . At day 20, the Mg concentration in roots and shoots of Mg-deficient plants were 0.9 and 3.5 mg g ÿ1 DW, respectively, representing approximately one-third of the control values (Fig. 2B, C) . Mg concentration in the uppermost fully expanded blades fell to 1.3 compared with 11.6 mg g ÿ1 DW in control blades (data not shown), a value below 2 mg g ÿ1 DW, which is considered as a general threshold value for the occurrence of Mg-deficiency symptoms in leaves (Mengel and Kirkby, 1987) . Very little is known about the mechanisms of Mg acquisition and repartition between plant organs (Gardner, 2003) . Shaul et al. (1999) and Shaul (2002) suggested that a Mg 2+ /H + antiporter called AtMHX1 (magnesium-proton exchanger) could determine the distribution of absorbed Mg 2+ ions between the tonoplast and the cytosol of xylem parenchyma cells in the root vascular cylinder of Arabidopsis. AtMHX1 could act in a buffering capacity, by sequestering Mg 2+ in the vacuole, in excess of that which can be loaded into the xylem (Shaul et al., 1999) . It is proposed here that, under deficiency conditions, the vacuolar Mg 2+ storage pool in roots may readily be used to meet the demand in the shoots. However, Mg remobilization from the root can only prevent a drastic drop in shoot Mg concentrations for a limited period following Mg-withdrawal. (Fig. 2B, C) .
Effect of Mg deficiency on photosynthetic apparatus and sugar levels
In order to establish the hierarchy of physiological responses induced by Mg deficiency, the chlorophyll concentration, the photochemical performance of photosystem II, and the sugar concentration in the uppermost fully expanded leaves of the rosettes were measured. The total chlorophyll concentration in Mg-deprived leaves first remained constant, despite the decrease of Mg concentration in shoots (Fig. 2B ), but eventually decreased significantly (P <0.05) by one-tenth of the control value at day 16 and by one-third at day 20 (Fig. 3A) . Nonetheless, it is likely that the chlorophyll concentration did not decrease as a direct response to the deficiency, given that Mg deficiency was reported to increase the relative proportion of the Mg structural pool associated with chlorophyll (Mengel and Kirkby, 1987) .
The detection of the Mg nutritional stress was also assessed using estimates of the Performance Index (PI), characterizing overall photochemical processes in photosystem II (Hermans et al., 2003) . The PI values started to decrease from day 16 in Mg-deficient leaves (Fig. 3B) , along with the loss of chlorophyll (Fig. 3A) and the appearance of chlorosis (Fig. 1C) . The total pool of sugars (sum of glucose, fructose, and sucrose) and starch increased in plants as an early response to Mg deficiency (Fig. 3C, D) , before any significant decrease of the total chlorophyll concentration or of the PI (Fig. 3A, B) . A change in leaf texture was noted as an early response to Mg deficiency, being obvious by day 12. Glucose first accumulated to more than twice the control value at day 12, and eventually sucrose by more than 2-fold at the end of the treatment (data not shown).
To visualize the differences in starch distribution following a dark period, iodine staining of whole Arabidopsis plants was performed. Starch was more abundant in the interveinal zones of the upper expanded leaves of the rosette (Fig. 4) . The observed pattern of starch accumulation between the veins preceded the appearance of chlorotic symptoms (Fig. 1E) .
A model of sucrose partitioning during Mg deficiency: differential distribution of sucrose depending on the position of source leaves Increased sugar concentrations were found in the uppermost fully developed leaves of the rosette (Fig. 3C, D) . These observations suggest that sucrose synthesis and utilization were out of balance, or that Mg deficiency somehow interfered with sucrose export from the source leaf or both simultaneously. However, it remains puzzling how Mg deficiency could affect sucrose partitioning. According to Cakmak et al. (1994b) , in bean plants, the high susceptibility of sucrose partitioning to Mg delivery may be related to the carrier-mediated uptake of sucrose in the conducting complex of the phloem. This process requires MgATP as the substrate for H + -pumps (Delrot and Bonnemain, 1981; Bush, 1989) . Conversely, Fischer et al. (1998) postulated that a congestion of metabolites in source leaves of spinach plants arises from a limited consumption in sink tissues, resulting from an inhibition of growth by low Mg supply.
To investigate the origins of sugar accumulation,
14
[C]-sucrose movement was tracked in Arabidopsis plants (Grusak et al., 1990) . The partitioning of radioactive molecules between sink organs depended on the position of the source leaves (Fig. 5) . After distribution, the largest fraction was found in roots when the lowest source leaves of the rosette were labelled, and Mg deficiency did not affect the translocation to the roots or other sink organs (Fig. 5A) . When the uppermost fully expanded leaves were labelled (Fig. 5B) , the largest fraction of radioactivity was distributed to the floral stems of control plants. In Mgdeficient plants, more than one-tenth of the total labelling was not translocated and stayed in the upper expanded leaves (P <0.05), and less than half of the labelling was found in the floral stems compared with controls (Fig. 5B) .
The fact that as much 14 [C]-sucrose molecules were detected in Mg-deficient sink organs as in the control ones, when radioactivity was applied to the lower mature leaves (Fig. 5A ), tended to indicate that sucrose export from these leaves and sink metabolism were apparently not restricted in Mg-deficient plants. On the contrary, when 14 [C]-sucrose was applied to the uppermost fully expanded leaves, less radioactive material was detected in the sink organs (Fig.  5B) . The 50% increase in sucrose accumulation in those leaves compared with control ones cannot account for the 300% reduction in marked molecules exported to the flower stems (Fig. 5B) . This supports the idea of reduced sucrose export. These leaves, in which deficiency symptoms first appeared (Fig. 1D) , were also the ones with the lowest Mg level (1.3 mg Mg g ÿ1 DW at day 20 of treatment), below the critical Mg level (Mengel and Kirkby, 1987) . Subsequently, the overall aerial biomass was decreased compared with control plants, while roots kept on growing normally. With the ongoing development of the deficiency, intermediate and lower leaves also started to accumulate higher sucrose and starch amount too.
The effect of Mg deficiency on photosynthetic gene expression: a likely effect of sugars Sugar-derived signals regulate the expression of genes involved in general metabolism, but also in photosynthesis (Sheen, 1990; Oswald et al., 2001) . It is possible, therefore, that many of the prospective changes in the photosynthetic apparatus that occur in shoots of Mg-deficient plants are effected through transcriptional changes elicited by increased leaf sugar concentrations. In view of this, northern analysis of Cab2, which encodes a chlorophyll a/b binding protein in photosystem II (Oswald et al., 2001 ) was performed. The diurnal transcripts profile of Cab2, together with sugar concentrations were analysed in the uppermost fully expanded leaves of A. thaliana Columbia rosettes during day 11 of treatment. Glucose, fructose (data not shown), and sucrose concentrations gradually increased upon illumination (Fig. 6A) and showed a similar diurnal profile to that previously observed in Arabidopsis by Zeeman and Rees (1999) , and Gibon et al. (2004) . However, sugar levels were two or three times greater in Mg-deficient than in control leaves. Cab2 transcripts in control plants were more abundant during the first h of the light period (Fig. 6B, C) and decreased thereafter. A similar 
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A negative correlation has widely been reported between sugar concentration and chlorophyll concentration, photosynthetic activity, and photosynthetic genes expression (Foyer, 1988; Sheen, 1990; Schäfer et al., 1992; Oswald et al., 2001) . Oswald et al. (2001) proposed a model where photosynthetic electron transport and cytosolic sugar status could give rise to a signal that regulates Cab2 transcription in cell suspension culture of Arabidopsis thaliana. Here, with Mg deficiency, high sugar levels in source leaves possibly repress Cab2 expression and, to some extent, could be responsible for the decrease in chlorophyll concentration. Indeed, decreased Cab2 transcript abundance broadly reflects a lower chlorophyll concentration in the presence of exogenous sugar (Oswald et al., 2001; Martin et al., 2002) . Therefore, we suggest that the chlorophyll breakdown upon Mg deficiency involves a depressive effect of sugars on Cab2 expression, rather than a lack of Mg atoms for chelating chlorophyll molecules. In the same way, it was previously shown that high sugar and low nitrate supplies jointly caused a reduction in Cab transcripts abundance (Martin et al., 2002) .
In conclusion, these data support the hypothesis that Mg deficiency in Arabidopsis affects sucrose export from source leaves (starting with the youngest ones), rather than sink growth and that sugar accumulation in leaves has a negative effect on photosynthetic gene transcription and photosynthetic activity. A proper understanding of Mg deficiency in plants will require future intensive studies linking physiological and biochemical processes with sugar signalling and sugar regulation of genes involved in carbohydrate metabolism, long-distance transport, and partitioning.
